The influence of different supporting electrolytes as well as of different current densities on RO16 dye electrochemical oxidation using BDD electrodes has been systematically studied. The RO16 azo-dye electrooxidation experiments were performed at different current densities and three different supporting electrolytes:
Introduction
Large amounts of different dyes are usually used in the textile industry. The textile wastewaters have characteristics such as strong color, large number of suspended solids, fluctuating pH, high chemical oxygen demand (COD), and biological toxicity 1 . These characteristics contribute to turn this kind of effluent into an environmental problem. Most of these problems are due to the nature of the organic molecules that compose the dyes present in textile wastewaters. In this context, azo-dyes form a large group of organic molecules and represent the largest class of dyes mainly used in textile processing [2] [3] [4] . The toxicological hazards of synthetic dyes for human health are intrinsically related to the mode and the time of exposure, such as oral ingestion, skin sensitization, and respiratory sensitization. Biotransformation of these dyes may be responsible for the formation of amines, benzidine and other intermediates with mutagenic and carcinogenic character 3 . Thus, dye residue can be highly toxic when present in any living organism, and most of these problems are due to the nature of the organic molecules that make up the dyes. Dye presence can be easily detected, even at low concentrations where they are practically invisible. When these effluents are discharged into the water, they can cause serious problems by changing the natural color of rivers and their biological cycles, which may also interfere in the photosynthesis process 5 . Thus, new technologies for wastewater treatment have been studied to eliminate or minimize this problem. Among them, Advanced Oxidation Processes (AOP) have appeared as an efficient alternative methodology to selectively decompose many organic compounds [5] [6] [7] [8] [9] [10] [11] . These processes are characterized by the transformation of a large number of organic pollutants into carbon dioxide, water and inorganic anions through the degradation reactions involving oxidative transitory species, mainly the hydroxyl radical (•OH). AOP have been used to electrochemically produce hydroxyl radicals in an anodic reaction directly from water 12 . These hydroxyl radicals strongly react with all organic substances usually by hydrogen abstraction 12 . In addition to its environmental compatibility, the electrochemical process presents important advantages related to its versatility, high energy efficiency, amenability of automation, and safety because it operates at mild conditions [13] [14] [15] . Electrochemical oxidation with different anodes and indirect electro-oxidation is a typical method for the removal of dye pollutants. It is classified as electrochemical advanced oxidation process (EAOP) and consists of the oxidation of pollutants in an electrolytic cell by chemical reaction with electrogenerated species from the water discharge at the anode.
The boron-doped diamond (BDD) thin film seems to be a suitable electrode material to produce hydroxyl radicals by the electrochemical method. The BDD based anode is a new electrode material which has received great attention in the field of wastewater treatment for its wide potential window, low background current, very low activity for O 2 evolution reaction and high anodic potential 16 . Another advantage of using BDD electrodes for organic degradation is related to their inertness, which prevents some undesirable by-products or products that would be strongly adsorbed on the anode surface. In most cases, just by rinsing the BDD surface with an appropriate solvent is enough to remove the adsorbed species. For surface passivators, such as chlorophenols 17 , nitrophenol, and aromatic amines 17, 18 this problem is solved just by applying high anodic or cathodic potentials during the electrochemical procedure. The BDD electrode is considered a "non-active" anode 19 . In general, the accepted reactions for the mechanism involved in the mineralization of organic pollutants (R) on the BDD, at the anode active sites (M) and in aqueous solutions, lead to the production of adsorbed hydroxyl radicals (M(•OH)ads) at the BDD anode surface, which is directly responsible for the generation of the mineralization products.
Our research group has published papers about organic compounds electrooxidation, especially textile dyes, for instance, a paper about Reactive Orange 16 (RO16) dye degradation using different BDD electrodes (acceptor concentrations of 4.0 and 8.0 × 10 21 atoms cm −3 ). We noticed that both BDD electrodes presented efficiency and high stability in acidic medium 20 . However, the study did not report the electrolyte effect in RO16 degradation. It is known that both the pH and the electrolyte nature can influence the degradation process. These parameters can affect the efficiency degradation due to generating other oxidizing species that can improve the removal process and also change the characteristics of the molecule (protonation/deprotonation, for example). Thereby, this paper aims at evaluating the influence of supporting electrolyte in the electrochemical degradation of RO16 dye using BDD grown on titanium substrate (BDD/Ti). This study was conducted under different current densities and different supporting electrolytes, with controlled degradation temperature. The results were analyzed using analytical techniques such as UV-VIS spectroscopy, high-pressure liquid chromatography (HPLC) and total organic carbon (TOC) analyses.
Experimental

Preparation and characterization of BDD/Ti electrodes
The BDD electrode was grown on Ti substrate by hot filament chemical vapor deposition (HFCVD) technique. The deposition of diamond on titanium has a singular characteristic attributed to the strong stress formation between the film and the substrate, which arises from extrinsic and intrinsic factors. In this sense, some pre-treatments on the substrate surface are required to decrease the stress and to increase the nucleation rate [21] [22] [23] . Among them, the mechanical incision is effective to increase the titanium surface area and roughness besides improving the mechanical anchoring of the film. This incision was made in air abrasion with glass beads. The treated surface ensures the best adhesion of the diamond coating due to its high effective area for the film deposition. The BDD/Ti with dimensions of 2.5x2.5x0.5 mm was grown from a standard gas mixture consisting of 99 % of H 2 and 1 % of CH 4 . The temperature and pressure inside the chamber reactor were kept at 650 ºC and at 40 Torr, respectively. The sample was grown for 16 h. The doping control was obtained from an additional H 2 gas flux passing through a bubbler containing a solution of B 2 O 3 dissolved in CH 3 OH with the B/C ratio of 15.000 ppm. The additional hydrogen flow into the reactor was controlled by a rotameter which was kept at 40 sccm (standard centimeter cubic per minute). The top view SEM images of BDD/Ti films were obtained from a Jeol equipment JSM-5310. The quality of BDD/Ti films were analyzed from Micro-Raman spectra recorded by a Renishaw microscope system 2000 in backscattering configuration. The diamond patterns in addition to hydrides and titanium carbides phases were monitored by grazing incident X-ray diffraction (GIXRD) using a Philips X'Pert diffractometer.
Electrochemical degradation of Dye RO16
The electrochemical degradation of RO16 azo-dye solution supplied by Aldrich (~50% m/m) was performed in a polypropylene home-made single cell with capacity of 0.45 L. The BDD/Ti working electrode (~ 4.15 cm 2 of the geometric area) was located at the bottom of the cell. A platinum screen, 2 cm in diameter, was used as a counter electrode and a commercial Ag/AgCl electrode (3.0 mol L -1
KCl solutions) was used as reference. All the degradation experiments were performed at 25 o C and at constant stirring and were carried out considering two steps. Firstly, the eletrooxidation was performed under galvanostatic mode, at a fixed current density of 50 mA cm -2 using 150 mg L -1 of the RO16 azo-dye varying the supporting electrolytes:
(pHmeter pHB 500 Benchtop pH Meter). Secondly, the solution that presented the best performance in the previous step was used to investigate the influence of different current densities of 25, 50, 75 and 100 mA cm -2 . All electrochemical measurements were carried out using a potentiostat/galvanostat AUTOLAB model PGSTAT 302 (Eco Chimie) coupled with a BRTS-10A current booster, controlled by the GPES software.
Instrumentation and analytical conditions
Concentration analyses of RO16 azo-dye were carried out using high pressure liquid chromatography (HPLC) Shimadzu 20A with UV/Vis detector SPD-20A. The stationary phase used was a reverse phase columm (C 18 Varian Pursuit 5 250x4.6 mm) while the mobile phase was ammonium acetate/methanol with a proportion of 70:30 and flow of 0.8 mL min -1 for wavelength of the 249 nm at 40 °C. The Total Organic Carbon (TOC-VCPN Shimadzu) technique was employed to determine the removed organic material. The UV-Vis spectra were recorded in Varian Cary 50 Scan spectrometer in the range from 300 to 600 nm with quartz cubet (1 cm of the optic path). The maximum absorption used to calculate the concentration by UV/Vis was at 388 nm wavelength.
Results and Discussions
Morphological and structural characterization of diamond electrode
The top view SEM image of the BDD/Ti electrode is shown in Figure 1 . The image shows a continuous and homogeneous film covering the whole substrate without the presence of delamination and cracks, which is a strong indicative of its high adherence. This is an important result because diamond growth on Ti substrates presents two problems. The first one is related to the difference in the thermal expansion coefficients between Ti and diamond. The second is associated to the formation of intermediate phases such as hydride and titanium carbide. These factors together weaken the samples and they are responsible for the formation of cracks and delamination in diamond film 24 . increasing the doping level this band increases significantly and a drastic reduction in the diamond peak is observed. This process is assigned to the relaxation of selection rule k = 0 of Raman scattering due to the presence of a very high concentration of boron in the diamond lattice 25 . The band around 1580 cm -1 can be attributed to G band (graphitic phases). The appearance of a band at around 500 cm -1 is also observed, attributed to the vibration of boron pairs in diamond lattice 27 . To investigate the composition and the quality of BDD/ Ti film, Raman's scattering spectra were registered and are shown in Figure 2 . The presence of a Raman peak at around 1332 cm -1 was verified, which corresponds to the diamond first-order phonon vibration. The emergent band at 1200 cm -1 was also observed, characteristic of the boron doped diamond films, which is attributed to the induced disorder in the diamond structure due to the boron incorporation [25] [26] [27] . By X-ray diffraction results are shown in Figure 3 and were collected in the incidence angle of 1° over the range from 30° to 80°. For this geometry, the grazing incident X-ray diffraction (GIXRD) and the oblique angle to the penetration depth of the X-rays are largely reduced, facilitating the identification of different phases present in the BDD film. Another feature of this method is that the illumination of a large sample area allows the detection of thin layers that may be present in the film/substrate interface such as carbides (TiC) and hydrides (TiH). For all sample sets studied, the patterns clearly depict the 2θ peaks at 75.5° and at 44° corresponding to the (111) and the (220) diamond diffraction planes, respectively assuring the material crystallinity. The diffractograms also show the formation of TiC phase related to the peaks <111>, <200>, <220> and <311>. The TiH phase was associated to peaks <114> and <110>, and the TiH 2 phase to <111>. Besides, the Ti phase was observed in the peaks <100>, <002>, <101>, <102>, <110> and <103>
25 . As previously discussed, the growth of diamond films on Ti substrate is challenging. During the deposition of diamond, carbon and hydrogen present in the gas atmosphere diffuse into the titanium matrix forming TiH and TiC phases. As observed in the diffractograms, the formation of these phases is directly related to growing conditions. Thus, it is very important to optimize the experimental parameters to grow diamond films on titanium substrates with good quality and adherence. 
Electrochemical degradation of the dye RO16
3.2.1. Support electrolyte effect on the RO16 dye degradation
The influence of the electrolyte composition in the BDD/ electrolyte interface is an important experimental parameter to be considered in organic pollutant electrooxidation processes. Hence, the electrochemical degradation behavior of the RO16 dye was investigated in four different electrolytes of H 2 SO 4 , HClO 4 , K 2 SO 4 (pH=6.5), and K 2 SO 4 (pH=10) in order to evaluate the electrolyte influence as well as its pH on these oxidation processes. The dye electrooxidation results were examined by UV-Vis and TOC measurements.
Firstly, the influence of supporting electrolyte was conducted using the same counter ion in acid pH solutions of H 2 SO 4 and HClO 4 . These studies focused on the interference of the electrolyte anion on the dye electrooxidation. Figure 4 (A and B) presents the decay of the RO16 azodye as a function of the electrolysis time at 50 mA cm −2 current density. The absorption spectrum of RO16 azo-dye is characterized by two bands, associated to their intense orange color. The first is located in the UV region, with its maxima at 390 nm, and the second is located in the visible region at 500 nm. The absorbance band at 500 nm is due to the n-π* transitions of chromophobic azo group (-N=N-) present in the RO16 molecules and the band at 390 nm is due to the π-π* transitions related to the aromatic rings bonded to the azo group 28 . By comparing the decay of these two bands, a strong influence of the supporting electrolyte in the dye electrooxidation process was observed. The intensity reductions of the two azo dye absorbance bands were approximately 29% for H 2 SO 4 supporting electrolyte and 9% for the solution containing HClO 4 . This behavior can be explained through the model proposed by Comninellis
29
. According to this model, the first step in the oxidation of the organic compound is the water discharge on the electrode surface by producing hydroxyl radicals (Equations 1 and 2): However, other electrogenerated oxidants can be formed depending on the characteristics of the supporting electrolyte. These oxidizing agents can participate in the electrooxidation of organic compounds in the region close to the anode surface and/or in the bulk of the electrolyte. Considering these two supporting electrolytes, the following reactions can be involved on BDD anodes Thus, both TOC and colour removal presented lower efficiency when compared to those using H 2 SO 4 supporting electrolyte. Considering the above results a new study was carried out fixing the anion sulfate (SO 4 2-) and varying the pH of the medium in order to investigate the pH effect on the RO16 dye eletrooxidation. For this purpose, two different initial pH values were investigated. The results are shown in Figure 5 (A and B) corresponding to neutral and basic medium, respectively. The absorption spectrum of RO16 azo-dye revealed a significant increase in the decay of the intense dye orange color according to the following order: acid pH<neutral pH<basic pH. The alkaline medium (pH 10) proved to be more favorable with respect to color removal. Intensities reduction of the two azo dye absorbance bands was 96% using basic pH, whereas for neutral medium it was 65%. The pH influence is an important parameter for the electrochemical oxidation process. However, there is no consensus about pH solution and degradation efficiency. Indeed, the variation of the degradation efficiency with pH is associated with the organic compound (pK a , structure and surface charge) and the ·OH radicals generation 9 . Flox et al. studied the oxidation of 4,6-dinitro-o-cresol (DNOC) with BDD electrodes with different pH values (2.0-12.0). The authors observed that total organic carbon is more rapidly removed in acid medium (pH 3.0)
10
. On the other hand, Costa et al. evaluate the electrooxidation of acid black 210 dye with BDD electrode under different pH condictions and they observed that the best performance was obtained in pH 11.7
11
. In the present study, both effects may influence the improved performance degradation in basic medium. In basic medium the RO16 dye presents in deprotonated form (Figure 6 ). This form is more susceptible to azo bond break and as consequence, the color removal is more efficient 12, 13 . Furthermore, the discoloring ability of this method depends on the amount of the hydroxyl radical (main oxidizing agent) generated on the anode surface. According to the first step of the oxidation proposed above, the hydroxyl radical is formed by the loss of one electron from the hydroxyl ion. In basic medium, there is a greater amount of available hydroxyl ion (OH -) so that its presence increases the hydroxyl radical formation. Consequently, it accelerates the RO16 dye eletrooxidation rate. On the other hand, the worst performance in acid pH may be ascribed to a poor hydroxyl radical generation possibly caused by the neutralization reaction of H + ion (in excess from acid) with the hydroxyl ion (from water discharge), reducing the generation of hydroxyl radical on the electrode surface. It is noteworthy that TOC removal is almost the same to all 
Effect of current density in the dye RO16 degradation
The best response for the electrooxidation was obtained at pH=10. From these results and under the same experimental conditions the role of current density was investigated. The electrodegradation were performed at different current densities of 25, 50, 75 and 100 mA cm -2 . The aromatic compound concentrations on the RO16 azo-dye solution decreased exponentially as a function of the electrolysis time. This behavior was observed for all current densities performed during the electrolysis and was progressively more pronounced as the current density was enhanced. The exponential profile of the RO16 azo-dye absorbance curves as a function of the time point to a pseudo-first order kinetic for the reactions involved in the eletrodegradation of this colorant (Figure 7) . The apparent kinetic constant (k app ) can be linked to the dye concentration by the Equation 9.
TOC Measurements
TOC analyses were used to quantify the organic load present at the end of each RO16 dye electrochemical degradation process. The efficiency of electrochemical process to mineralize the organic matter present in the dye solution is observed in this analysis. We calculated the efficiency of mineralization at the end of each electrolysis in the whole range of current densities studied (Figure 9 where [Corant] is the dye concentration at time t, [Corant] 0 is the initial dye concentration, and k app is the rate constant.
The k app as a function of the applied current density is shown in Figure 8 . The pseudo first-order rate constant obtained increased as a function of the current density because of the constant generation of •OH. Moreover, concentration decay followed an exponential trend due to mass-transport limitation. The mineralization efficiency of this organic compound increased as a function of applied current density. The TOC removal of 10, 15, 22 and 30% were obtained for current densities of 25, 50, 75 and 100 mA cm -2 , respectively.
HPLC qualitative detection
The aromatic intermediates produced during each electrochemical treatment containing RO16 dye were detected by high performance liquid chromatography (HPLC) with a wavelength ultraviolet detection at 254 nm. The appearance of chromatographic signal at 254 nm was related to π -π * transition in the conjugated systems, such as aromatic compounds that make up the solution of the dye RO16. Figures 10 (I-IV) shows the solution chromatograms containing (1) RO16 dye untreated t=0 and after electrolysis at 100 mA cm -2 current density during: (2) 10 min and (3) 90 min. For the untreated dye solution (chromatogram 1), at least six aromatic compounds appeared, with different polarities and retention times, named in the chromatograms as peaks from A to G. The compounds concerning peaks C and E, due to their proportions, should be directly associated with the reactive RO16 dye. After the first 10 min of electrochemical treatment, at 100 mA cm -2 , the disappearance of the two main peaks related to the dye (C and E) occurred. After 90 min of treatment the emergence of other peaks with lower retention time is observed. This result implies the presence of compounds with more polar characteristics than those for the RO16 dye. The above observation can be confirmed in Figure 11 , which shows the normalized total chromatographic area as a function of the applied current density. In this case, chromatogram peak integrations obtained after each treatment can be considered a measure of the total concentration of aromatic compounds. The results clearly demonstrated the degradation efficiency of the aromatic compounds in solutions containing the RO16 dye, in addition to the by products degradation formed during each process. As the current density increases, the degraded by-products decrease. This reduction in the aromaticity of RO16 dye solution led to the possible formation of compounds of the aliphatic chain. From an environmental standpoint these compounds are very important because they tend to be biodegradable 32 . Figure 11 . Normalized total chromatographic area as a function of applied current density in each treatment.
Conclusions
The production, characterization and application of BDD/Ti electrode in the electrochemical degradation of the RO16 dye were successfully obtained. The morphological characterization showed the diamond film completely closed without the presence of cracks. The electrochemical treatments showed that BDD electrode was effective in removing the color of the solutions associated to their TOC percentage. The absorption spectrum of RO16 azo-dye revealed a significant decay of the intense orange color of the dye as a function of pH. It was found that alkaline media was more favorable with respect to color removal. The discolor ability of this method in alkaline media probably is due to the RO16 dye deprotonated form, since the results of TOC analysis did not show significant difference in the mineralization of the organic matter concerning pH variation. The HPLC showed that the intermediates formed during the degradation present more polar character than that for RO16 dye. This indicates that the production of biodegradable compounds is possible during the electrolysis process.
